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ABSTRACT

Mitochondrial DNA (mtDNA) typing has found an important niche in the forensic
testing of degraded samples and shed hairs. Currently, most forensic mtDNA
laboratories focus on sequence information within the two hypervariable regions (HV1
and HV2) of about 600+ bases within the control region. The distribution of mtDNA
types is highly skewed toward rare types, making the significance of a match for a
mtDNA type previously unseen in a database quite substantial. There are also a number
of common types observed in various populations. One limitation of mtDNA testing is
the low power of discrimination associated with common HV1/HV2 types. For example,
in the European Caucasian forensic database, there are approximately twenty common
HV1/HV2 types that occur at a population frequency of 0.5% or greater, for an aggregate
frequency of about twenty-one percent of the population.

We have sequenced the entire mtDNA genome (mtGenome) of 241 Caucasian
individuals who match one of eighteen common HV1/HV?2 types in order to identify
single nucleotide polymorphisms (SNPs) in the coding region useful for additional
discrimination. Focusing on SNPs that were shared, neutral and non-redundant, we have
developed a set of eight multiplex panels containing 59 informative sites suitable for SNP
typing assays. Each panel contains seven to eleven SNPs, and is specific to
discriminating one or more of the common HV1/HV2 types in the Caucasian population.
The discrimination provided by the multiplex panels provides maximal discrimination
while preserving limited DNA extract from forensic casework. Applying all eight

multiplex panels to the 241 sequences resolved the individuals into 106 haplotypes, 56 of
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which were unique, a nearly 6-fold improvement over the initial 18 common HV1/HV2
types.

We have also investigated evolutionary properties of the 59 discriminating SNPs
by characterizing the mutation rates in the mtDNA coding region using phylogenetic
trees constructed by parsimony. Most of the SNPs that discriminated among the 18
common HV1/HV2 types in Caucasians (51/58. 88%) can be classified as having
relatively slow mutation rates, indicating that these sites are narrowly useful for resolving
within these specific common HV1/HV2 types. The remaining SNPs in the multiplex
assay could be classified as having relatively fast rates. The decision to use brute-force
whole mtGenome sequencing was necessary to discover sites specific for resolving
common HV1/HV2 types in Caucasians. The strategy of mtGenome sequencing for
identifying discriminatory SNPs will be required to resolve common HV1/HV2 types in

other forensically important groups (African Americans, Hispanics).
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Chapter 1. Introduction

I. 1. Mitochondrial DNA as a Genetic Marker

The human mitochondrial DNA (mtDNA) genome was sequenced and
enumerated over twenty years ago (Anderson ef al., 1981). The approximately 16,569
base pair genome encodes 13 polypeptides, 22 tRNAs, and 2 rRNA subunits (Figure 1).
This closed, double-stranded, circular genome can be classified according to function: the
coding region (about 15.5 kb of the genome) and the non-coding control region (about
1.1 kb of the genome). All of the genes in the coding region are highly concatenated and
only occasionally have non-coding “spacer” sequences separating the genes. The control
region has an important regulatory function for the mitochondria and contains sequences
to initiate both transcription and DNA replication of the heavy strand. Many laboratories
have focused on sequences within the non-coding control region of the mtDNA genome
(mtGenome), specifically hypervariable regions I and Il (HV1 and HV2), they span
roughly positions 16024-16383 and 57-372, respectively (numbered correspondingly to
the reference sequence, Anderson ef al., 1981). Although the boundaries of HV1 and
HV?2 are not rigidly defined, the dense array of polymorphisms within HV1/HV2 has
made this region an attractive target for sequencing studies of mtDNA variation.

One role of this cellular organelle is to provide energy in the form of Adenosine
Tri-Phosphate (ATP) through oxidative phosphorylation (OXPHOS) reactions inside the
mitochondria. The small number of polypeptides encoded with the mtDNA genome
represents only a small fraction of the total proteins necessary for mitochondrial function.
Most of these proteins are encoded in the nuclear DNA genome and are subsequently

exported to the mitochondria.
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Figure 1. The Human Mitochondrial DNA Genome. The genes encoded by the
mitochondrial DNA (mtDNA) genome are noted. Point mutations associated with
mitochondrial diseases are noted in the center of the genome. Diagram provided by
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Several characteristics of mtDNA make it an ideal choice for studying human
evolution and genetic variation. First, human mtDNA is wholly maternally inherited and
passed to the offspring from the expansion of mitochondria in the oocyte (Giles et al.
1980). Second, since the mtDNA has been shown not to recombine in humans (Ingman
et al. 2000; Elson et al. 2001), accumulated differences between any two molecules
reflect changes that have occurred since they shared a common ancestor. Finally,
mtDNA has been shown to have a mutation rate up to ten times the mutation rate of

single copy nuclear DNA genes (Brown ef al. 1979; Horai ef al. 1995).

I. 1. 1. RFLP and Control Region Analyses

Early studies of mtDNA identified mitochondrial mutations based on Restriction
Fragment Length Polymorphism (RFLP) data, pioneered by Wesley Brown and Doug
Wallace (Brown 1980; Denaro et al. 1981). The use of “low resolution” restriction
analysis (using 5-6 restriction enzymes) revealed a phylogeny that was “star-like”, with a
central mitochondrial type shared among diverse populations throughout the world
(Johnson et al 1983). Using “high resolution” restriction analysis (12 restriction
enzymes), an analysis by Cann et al. (1987) revealed a more highly resolved
phylogenetic tree of mtDNA. In this phylogeny, a set of African sequences were
observed to be basal to other African and non-African sequences. This “Out of Africa”
(OOA) hypothesis and the African “mitochondrial Eve” ancestry of modern humans
proposed by Cann et al. (1987) was fundamental in establishing the potential of the

mtDNA molecule as a genetic marker for studies of human evolution.



In the late 1980s and early 1990s, as DNA sequencing became cheaper, easier,
and faster to perform, mtDNA sequencing of the control region became an additional
method utilized for genetic studies of human mtDNA evolution. Vigilant ez al. (1991)
sequenced a portion of the control region and confirmed the OOA hypothesis (Cann et
al., 1987). However, a subsequent reanalysis of this data by Templeton (1992), found
phylogenetic trees that were shorter in length than the most parsimonious tree (MPT) of
Vigilant et al. (1991). Some of the phylogenetic trees produced by Templeton (1992) did
not support an African base of the human evolution. This gave rise to a period of intense
debate, but additional data and better methods of constructing phylogenetic trees have
since solidified support for the OAA hypothesis using control region sequences (e.g.
Penny et al., 1995; Watson et al., 1997).

The analysis of RFLP variation in global populations permitted the identification
of a number of monophyletic clades in which all mtDNAs could be classified. These
clades, or haplogroups, were distinguished by ancient mutations that occurred thousands
of years ago. Continent-specific markers have been identified for Africans (Chen et al.,
1995), European Caucasians (Torroni ef al., 1994; 1996) and Asians (Schurr et al., 1990).
Haplogroups are designated in the literature by a capital letter followed by a number
representing subclusters of the haplogroup (Schurr et al., 1990; Torroni et al., 1996;
Richards et al., 1998). Nearly all African mtDNAs can be classified into one of three
main haplogroups (L1, L2 or L3). Haplogroup L1 is considered to be ancestral since it is
found at the root of the human mtDNA phylogeny. The Eurasian super-haplogroups M

and N are believed to have left Africa approximately 50,000 — 60,000 years ago to give



rise to the current haplogroups in Asia (A, B, C, D, F) and Europe (H, L J, K, T, U, V, W,
X).

Since the mtGenome is one linked molecule, sequence motifs in the control
region also correlate strongly with haplogroups defined by RFLPs (Torroni et al., 1996;
Macaulay et al., 1999a). However, due to the high mutation rate and propensity for
reversion mutations (discussed further below), haplogroup assignment based on control
region data is tentative. For example, the control region polymorphism 73A is associated
with haplogroup H (Torroni et al., 1996; Macaulay et al., 1999a; Allard et al., 2002).
This is a relatively fast site in the control region (Meyer et al., 1999; Allard et al., 2002),
making the site an often-observed homoplasious character in phylogenetic analyses.
There are several examples in the literature where individuals belonging to haplogroup H
have undergone reversions to 73G (Torroni ef al., 1996; Macaulay et al., 1999a; Allard et
al., 2002). Since the control region sequence motif 73G is associated with haplogroup U,
it is impossible to unambiguously classify individuals having the 73G polymorphism to a

haplogroup without additional information from the coding region.

I. 1. 2. Molecular Evolution Studies Using mtDNA

Additional molecular evolution studies using mtDNA control region sequences
have demonstrated that mtDNA evolves in a complex manner. For example, Aquadro
and Greenberg (1983) determined that base composition is unequal in human mtDNA,
and found that transitions occur much more frequently than transversions (32:1 ratio).

Additionally, Aquadro and Greenberg (1983) recognized several instances of reversions,



or homoplasies, in their sequences, and that the distribution of substitutions in their data
was non-random.

The site-to-site variability in mutation rates in the control region is one of the
more peculiar features of mtDNA. Most sites in the control region have very low
mutation rates, or are invariant, while other sites mutate extremely quickly. This extreme
rate heterogeneity has been established by many studies, using a variety of methods
(Wakeley, 1993; Hasegawa et al., 1993; Meyer et al., 1999; Excoffier and Yang, 1999;
Pesole and Saccone, 2001; Malyarchuck et al., 2002). Nonetheless, the complexities of
mtDNA evolution have yet to be fully characterized or explained. For example, recent
studies using pedigree analyses have determined an unexpectedly high empirical
mutation rate in the coding region (Howell et al., 1996; Parsons et al., 1997;
Sigurdardottir et al., 2000; Heyer et al., 2001). The initial estimates of mutation rates
determined by pedigree studies were ~10-fold higher than those estimated by
phylogenetic studies (Howell et al., 1996; Parsons et al., 1997). The question of whether
mutational fast sites were the source of this discrepancy between pedigree and
phylogenetic rate estimations was a source of much debate (Paabo, 1996; Jazin et al.,
1998; Parsons and Holland, 1998). Howell et al. (2003) has recently published the
results of a large-scale pedigree study and has again confirmed the discrepancy of the
mutation rate in pedigree versus phylogenetic estimations. It may be that there is no
single factor that accounts for this discrepancy. Mutational hotspots, genetic drift,
selection, and the inability of phylogenetic methods to properly account for mutation rate

heterogeneity may all contribute to the disparity between the phylogenetic derived



mutation rate and the empirical pedigree mutation rate (Parsons ef al., 1997; Howell et

al., 2003).

I. 1. 3. Entire mtGenome Sequencing

Most of the population genetic analyses of mtDNA for nearly twenty years have
come from the few hundreds of nucleotides within the two hypervariable regions and the
RFLP fragments, discussed above. The emergence of “mitogenomics” began with the
landmark publication of 53 complete human mtGenomes from diverse global populations
in late 2000 by Ingman and colleagues. The robust phylogenetic tree from this global
sample confirmed previous research (Cann et al., 1987; Vigilant et al., 1991) that humans
migrated out of Africa to populate the world. Soon afterward, Finnila et al. (2000) used
Conformation-Sensitive Gel Electrophoresis (CSGE) for analysis of coding region
sequences of 22 Finnish individuals belonging to haplogroup U. Finnila ez al. (2001)
followed up this effort with a phylogenetic analysis of 192 mtGenomes from Finnish
samples spanning all European Caucasian haplogroups. The maximal information
afforded by complete mtGenomes has allowed a "coming of age" for mitochondrial gene
trees (Richards and Macaulay, 2001).

As more laboratories generate entire mtGenomes, the fruits of mitogenomics are
coming to bear in a number of areas. In addition to the confirmation of the out of African
hypothesis (Ingman et al., 2000 and Maca-Meyer et al., 2001), the lack of recombination
in mtDNA has been rigorously confirmed (Ingman et al. 2000; Elson et al. 2001) —

despite a flurry of debate to the contrary (Awadalla et al., 1999; Eyre-Walker et al., 1999;



Macaulay et al., 1999b; Jorde and Bamshad, 2000; Kivisild and Villems, 2000; Kumar et
al., 2000; Parsons and Irwin, 2000; Wiuf, 2001; Eyre-Walker and Awadalla, 2001; Innan
and Nordborg, 2002; Hagelberg, 2003). Entire mtGenomes have been used to discover
novel polymorphisms associated with haplogroups (Finnila et al., 2001 and Herrnstadt et
al.,2002). Torroni et al. (2001) observed differences in the mutation rate of African
haplogroup L2 subtypes. Mishmar et al. (2003) proposed that selection plays a role in
the mtGenome variation among different haplogroups, and Meyer and von Haeseler

(2003) have studied site-specific substitution rates in the entire mtGenome.

I. 2. MtDNA as a Tool for Forensics

MtDNA analyses have also found an important role in the forensic DNA
community (reviewed in Holland and Parsons 1999). One advantage of using mtDNA in
forensic casework is the high copy number of mtDNA molecules within the cell. Nuclear
autosomal loci used in forensics are present in only two copies per cell whereas mtDNA
is present in approximately 500 to 2,000 copies per mammalian cell (Piko et al., 1976;
Michaels et al., 1982). It is correspondingly more likely that some amplifiable copies of
the mtDNA will survive in highly degraded samples, permitting the analysis of evidence
samples that otherwise would not give a nuclear DNA profile. Samples that are typically
submitted for mtDNA analysis include degraded bloodstains, bones, saliva, fingernails,
and hair shafts. MtDNA typing of hair shafts is a particularly important application as
shed hairs are commonly found as sources of evidence. Currently, forensic hair

comparisons of evidentiary and reference specimens are based upon a set of



morphological characteristics. These analyses tend to be subjective, relying on the
experience and judgment of the examiner (Bisbing, 1982). In an attempt to allay the
subjectivity associated with hair analysis, an increasing number of crime labs are moving
toward performing mtDNA testing. Moreover, mtDNA can further discriminate among

hairs that cannot be otherwise excluded as coming from the same individual.

I. 2. 1. Forensic mtDNA Testing

Currently, most forensic laboratories using mtDNA typing focus on the sequence
information within HV1 and HV2 (Holland et al. 1993; Wilson et al. 1993). As is often
the case in identifying skeletal remains of missing soldiers (one of the principal missions
at the Armed Forces DNA Identification Laboratory — AFDIL), the analyst compares the
sequences of the skeletal remains to a maternal family reference sequence. If these
sequences differ at multiple positions, an unequivocal exclusion can be made. If the
sequences match, this is consistent with the hypothesis of maternal relatedness. As a
consequence of the strict maternal inheritance of mtDNA, an individual is expected to
match all of his maternal relatives (barring mutation), of which there may be a large
number in the population. It is also possible that individuals not related maternally could,
by chance, exhibit the same HV1/HV2 type due to homoplasmic mutations. Finally,
unlike STR loci, the mtGenome is one linked molecule not subject to recombination.
Multiplication of the population frequencies of polymorphisms in HV1 and HV2 cannot
be used to determine the frequency of a mtDNA profile. For the reasons listed above, an

mtDNA match by itself cannot be considered a conclusive identifier. In order to



determine the significance of an mtDNA match, one must make reference to the observed

frequency of that polymorphism in a relevant database (Holland and Parsons, 1999).

I. 2. 2. The Frequency Distribution of Caucasian Haplotypes

An international effort has resulted in the formation of a forensic mtDNA
database containing over 4800 forensic mtDNA profiles. This database has recently been
made available on the internet (via Forensic Science Communications at

http://www.tbi.gov - see Monson et al. 2002). The HV1/HV2 sequence range for this

database spans from: HV1, positions 16024-16365 and HV2, positions 73-340. This
sequence range is also used by AFDIL, and will heretofore be considered the default
sequencing regions involving HV1 and HV2. Pairwise comparisons of the Caucasian
sequences in the database (N=1655) provide an informative picture of the distribution of
mtDNA HV1/HV2 types (Figure 2). Insertions in the highly variable C-stretch region of
HV?2 were ignored in this comparison, given the unstable hypermutability in this region
(Stewart et al., 2001). The frequency distribution of haplotypes in the Caucasian
population is highly skewed in a continuous manner. At the one end of this “L-shaped”
curve are the number of HV1/HV2 sequences that represent “unique” types seen only
once in the database (839/1665 [50.4%] of the HV1/HV2 types). At the other end of the
distribution are a small number of common, shared HV1/HV?2 types in the Caucasian
database. The most common HV1/HV2 type occurs at a frequency of about 7% in the

population (Figure 2 - see also Lutz-Bonengel ef al., 2003). Although this distribution
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Figure 2. Graph of the Number of HV1/HV2 Types Versus the Percentage of the
Caucasian Population Having a Particular HV1/HV2 Type. The data represents the
pair wise comparison of 1665 European Caucasians. These percentages do not consider
length variation in the HV2 C-stretch region (303-309).
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is specific for Caucasians, the general features of the distribution are common in all
populations studied to date: the presence of a large number of sequences that are unique
in the database, and a small number of common types, the latter representing an
appreciable proportion of the individuals in the population. The frequency distribution of
HV1/HV2 types illustrates the greatest limitation of mtDNA testing: the small number of

common types in the population for which the power of discrimination is low.

I. 2. 3. Challenges Associated with Forensic mtDNA Testing

For the forensic scientist, the challenges associated with generating a profile from
highly degraded skeletal remains are demanding. Often times, the analyst must expend a
large quantity of the limited DNA extract for g